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Abstract 
This study aims to investigate the effect of warm mix asphalt (WMA) additives on fatigue life of unmodified and SBS-
modified asphalt mixes. Two different WMA additives, including Aspha-min and Sasobit were used to fabricate WMA 
specimens. Fatigue test was performed on warm polymer modified asphalt (PMA) by indirect tensile test on two stress levels 
(300,450 kPa) at 20 °C and fatigue life was compared with PMA mixture. Also, indirect tensile strength (ITS) test was 
performed to determine the moisture susceptibility of warm PMA. In order to evaluate the fatigue performance of warm mix 
asphalt (WMA) mixtures in comparison with hot mixture asphalt (HMA), four-point flexural beam test was employed. Four-
point flexural b
According to the test results, it was shown that warm PMA mixtures prepared by Aspha-min and Sasobit, have less fatigue 
resistance in comparison with PMA mixture. Also the fatigue resistance of warm PMA mixture made by Sasobit is greater 
than fatigue resistance of warm PMA mixture made by Aspha-min. Based on the ITS test results, warm PMA with Sasobit 
additive and PMA achieved the desirable tensile strength ratio (TSR) criterion (80%) but warm PMA Aspha-min had TSR 
lower than 80%. Also fatigue life determination based on 50% reduction in initial stiffness showed that the fatigue life of 
HMA mixture is less than WMA mixtures at lower strain levels whereas it was comparable with warm mix asphalt at higher 
strain levels. 
© 2013 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of International Scientific Committee. 
Keywords:Warm Mix Asphalt,Polymer Asphalt Mixture,Indirect Tensile Fatigue test,Beam Fatigue test 
1. Introduction 
Asphalt mixtures according to their mixing temperature and energy consumed for the heating process of 
materials are divided into Cold Mix Asphalt (CMA), Half Warm Mix Asphalt (HWMA), Warm Mix Asphalt 
(WMA) and Hot Mix Asphalt (HMA) (Kilas, Vaitkus & , 2010). WMA is a technology that allows 
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significant lowering of the production and paving temperature of conventional HMA. By reducing the viscosity 
of bitumen and/or increasing the workability of mixture, some WMA technologies can reduce the temperature to 
100 o C and even lower without compromising the performance of asphalt. Based on technologies used to reduce 
temperature, WMA mixtures are classified as follows: (Zaumanis & Haritonovs, 2010): 
Foaming techniques (which are divided into water-based and water containing) 
Organic or wax additives 
Chemical additives 
 WMAs have various benefits over HMAs, but the benefits of WMA mixtures is dependent on the technology 
used to produce it; For this reason, it is difficult to classify different benefits (Chowdhury and Button,2008). But 
in general, the benefits of warm mix asphalt are as follows (Rubio, Martínez, Baena & Moreno, 2012): 
Environmental benefits such as lower emissions, fumes and odors 
Production benefits such as increased RAP content and reduced aging of bitumen. 
Paving benefits such as improved workability due to lower bitumen viscosity at paving temperature and longer 
haul distances and reduced time of pavement cooling 
Economic benefits such as reduced energy consumption, less wear on asphalt plant due to reduced temperature. 
The primary objective of this study was to determine the effect of SBS on fatigue resistance of warm mix 
asphalts. To this aim, WMA specimens were prepared with SBS modified bitumen and two WMA additives 
(Sasobit and Aspha-min). Constant stress indirect tensile fatigue tests were performed using the Universal 
Testing Machine (UTM) at 20ºC. Also in order to determine moisture susceptibility of warm PMA, ITS test was 
performed. In addition to investigate the fatigue performance of WMA mixtures in comparison with HMA 
mixtures, fatigue life of WMA mixtures were evaluated by bending beam fatigue tests at four strain levels. 
2. Background 
 Fatigue cracking is one of the major pavement failures due to the accumulation of damage under repeated load 
applications. D'Angelo et al. (2008) found that both Sasobit® and Aspha-min® WMA pavements exhibit 
equivalent fatigue cracking to that in traditional HMA mixtures based on field pavement performance evaluations 
in France, Germany and Norway. In a study by Diefenderfer and Hearon (2008), the fatigue performance of 
WMA produced with Sasobit was compared to HMA. Two different mixtures were tested in this study, mixture 
A with siltstone & granite aggregate and 3/8 in of nominal maximum aggregate size and mixture B with limestone 
& gravel aggregate and ½ in nominal maximum aggregate size. Fatigue tests were conducted using four-point 
flexural beam at strain four strain levels of 300, 400, 600 and 800 micro strains. For mixture A, WMA specimens 
exhibited a shorter fatigue life than HMA at lower strain level, but showed comparable fatigue life to the HMA at 
higher strain levels. Mixture B showed fatigue life equal to HMA. Based on the results of fatigue tests conducted 
on WMA mixtures (Sasobit, Rediset and foamed) by Jenkins, Mbaraga, van der Heever and Van der Walt (2011), 
WMA mixtures usually tend to more fatigue damage. Also they stated that the combination of RAP and polymer 
modified bitumen together with WMA technologies show a different fatigue trend. Xiao, Wenbin Zhao and 
Amirkhanian (2009) showed that WMA additives have no significant effect on the fatigue life of warm crumb 
rubber mixtures. Fatigue tests conducted on WMA produced with the Gencor® Ultrafoam GX® at two strain 
levels (200, and frequency of 10 Hz showed that WMA has shorter fatigue life in comparison with HMA 
at low strain level but at high strain level (400 micro strain) the fatigue life of both mixtures is comparable 
(Kvasnak, Taylor, Signore & Bukhari, 2010). Evaluation of fatigue life of Redist WMX® WMA mixture by 
Jones, Tsai  and Signore (2010) showed that WMA have better fatigue performance in high temperature and 
lower strain levels. In a study by Timm, Tran, Taylor, Robbins and Powell (2009), bending beam fatigue test was 
conducted on HMA and WMA specimens produced with Shell Thiopave®. The beam fatigue specimens were 
tested at 200, 400 and 600 micro strains. The findings indicated that increasing the percentage of Thiopave, leads 
to a shorter fatigue life, especially at high strain levels. Application of polymer modified asphalt (PMA) to 
achieve better pavement performance has been studied for a long time. The properties of PMA are dependent on 
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the polymer characteristics, content and bitumen nature, as well as the blending process (Zhang, Wang, Wu, Sun 
& Wang, 2009). Elastomers (rubber) and plastomers (plastics) are the two basic categories of polymers. 
Elastomers such as styrene butadiene styrene (SBS) and styrene butadiene rubber (SBR) and plastomers such as 
Ethyl-vinyl-acetate (EVA) (Ping and Xiao, 2009). These polymer modified mixtures also have been used with 
success at high-stress locations such as interstates, intersections, and airports. (Yildirim 2007; Lavin 2003; Kim, 
Lee & Amirkhanian, 2012). SBS block copolymers are classified as elastomers that increase the elasticity of 
bitumen and they are probably the most appropriate polymers for bitumen modification (Sengoz and 
Isikyakar.2008). SBR modified asphalts have better ductility than SBS modified asphalts especially at low 
temperature due to double bond structure but SBS modified asphalts have more elastic recovery especially at 
high temperature due to styrene blocks (Johnston and King, 2009). In a study conducted by Lundström and 
Isacsson (2004) on linear viscoelastic and fatigue characteristics of Styrene Butadiene Styrene modified asphalt 
mixtures, it was showed that SBS improves fatigue life and in strain controlled test, fatigue life of modified 
asphalt pavement is 10 times of that for unmodified asphalt pavement. Effect of warm mix asphalt additives 
(Aspha-min and Sasobit) on the performance of polymer modified asphalt bitumen (SBS modified bitumen) was 
investigated by Kim, Lee and Amirkhanian. (2010). results showed that WMA additives increase rutting 
resistance of polymer modified bitumen at high temperature (based on the high failure temperature values from 
the DSR test). Also the PMA bitumen containing the additives have less resistance to fatigue cracking at 
intermediate temperatures compared to the control polymer modified bitumen (based on the G
°C from the DSR test). Kim, Lee & Amirkhanian (2012) evaluated the influence of warm mix additives on PMA 
mixture properties. In this study, two bitumen sources, two types of aggregate and two warm mix additives 
(Aspha-min and Sasobit) was employed and moisture sensitivity, rutting, resilient modulus and cracking after 
long-term aging was evaluated. Results showed that tensile strength ratio (TSR) for all specimens were equal. 
Rutting resistance of PMA showed that PMA with Sasobit have the best performance among all specimens and 
PMA with Aspha-min have worst performance. Result of indirect tensile strength showed that additives have no 
significant effect on cracking of asphalt pavement. Also results show that the fatigue life of PMA is comparable 
to warm PMA. 
3. Materials and test procedure 
3.1. Materials 
This research used two types of bitumen (60-70 bitumen penetration for WMA mixtures and SBS-modified 
bitumen for warm PMA mixtures). In a study by Shahabi, moghadas nejad and kazemi fard (2012) SBS content 
was optimized to increase the fatigue life of asphalt and almost 5% by weight of bitumen was set. Hence Polymer 
was gradually added to bitumen to reach 5% of bitumen weight while stirring at 3500 rpm for about 15 min. The 
physical properties of neat bitumen are listed in Table 1. The aggregate used in this study was crushed siliceous 
aggregate. The siliceous aggregate was obtained from Macadam Shargh quarries in the south east of Tehran. The 
gradation of asphalt mixes was selected as 19mm which can be used as surface and bitumen course.  
Table 2 and Table 3 summarize the physical properties and engineering properties of the aggregate respectively. 
The aggregate gradation is represented in Fig.1 In this paper, WMA technologies are include organic and 
foaming techniques (water containing). The organic additive is Sasobit® that is a fine crystalline, long-chain 
aliphatic polyethylene hydrocarbon produced from coal gasification using the Fischer-Tropsch (FT) process. 
operations, due to its ability to lower the viscosity of the asphalt bitumen. This decrease in viscosity allows 
working temperatures to be decreased by 18-54°C (Damm, Abraham, Butz, Hildebrand & Riebeschl, 2002).
Sasol recommends that Sasobit should be added at a rate of 0.8 percent or more by weight of the bitumen, but not 
to exceed 3 percent. Sasobit® can be blended into hot bitumen at the blending plant without the need for high 
shear mixing (Brits, 2004). In this paper, Sasobit added 1.5% by weight of the bitumen. The material foaming 
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techniques (water containing), Aspha-min®, is a synthetic zeolite that is hydrothermally crystallized into a fine 
powder. It is added (at the rate of 0.3% by weight of the mixture) at the same time as the bitumen. The crystals 
contain approximately 21% water, which induces a fine spray in the bitumen that causes volume expansion, 
thereby increasing the workability and compressibility of the mixture at low temperatures (Kim, Lee & 
Amirkhanian, 2012; Hurley & Prowell, 2005). The manufacturer reports that a reduction of approximately 5 to 
10 °C is possible (MeadWestvaco 2009). 
 
 
 
 
 
 
 
Fig 1.Aggregate gradation 
3.2. Mix design 
All of the mixtures were manufactured with the same dense graded aggregates whose nominal maximum 
aggregate size was 19 mm which can be used as surface and bitumen course. Specimens were prepared at 
optimum asphalt content determined based on Marshall mix design procedure with 75 blows on each side of 
cylindrical samples according to the MS-2 specification of Asphalt Institute. The optimum bitumen content was 
considered as the amount of bitumen required for maximum stability, maximum unit weight and with 4% air 
void. Maximum stability and maximum unit were determined 1003kg and 2269 kg/m3 respectively. The bitumen 
content determined was 5.5% by weight of mixture. National Center of Asphalt Technology (NCAT) 
recommends using the optimum bitumen content based on HMA mixture design in WMA mixture, because the 
amount of bitumen will be reduced in WMA mixtures and it can lead to problems regarding durability, 
permeability and water susceptibility of the resulting mixture (Chowdhury and Button, 2008) Hence, the 
optimum asphalt content of 5.5% was adopted for WMA mixtures based on mix design of HMA mixture. Mixing 
and compaction temperature for different types of asphalt mixtures are listed in Table 4. For production of warm 
PMA, bitumen was modified by 5% SBS and then Sasobit and Aspha-min were added to SBS-modified bitumen. 
Table 1 Properties of Asphalt bitumen (60/70 and PMB) 
Test Standard Result 
  60/70 PMB 
Ductility at 25 °C (cm) ASTM D113 100< 66 
Penetration at 25 °C 100 g (0.1 mm) ASTM D5 77 45 
Softening point (°C) ASTM D36 47 84 
Specific gravity at 25 °C  ASTM D70 1.013 - 
Flash point (°C) ASTM D92 313 302 
Thin-Film Oven Test ASTM D1754 0.01 0.01 
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Table 2 Physical properties of aggregate 
Test Standard Value (%) Asphalt Institute MS  2 specifications (%) 
LA Abrasion loss AASHTO-T96 18 30> 
Crushed in one face ASTM-D5821 96 - 
Crushed in two face ASTM-D5821 84 >90 
Flakiness BS  812 17 25> 
Sand equivalent AASHTO-T176 72 50< 
Sodium sulfate soundness AASHTO T104 1.3 12> 
  7.1 8> 
Table 3 Engineering properties of aggregate 
Fraction Standard Specific gravity ( g /cm3) Absorption (%) 
  Apparent Bulk  
Retained on 2.36 mm (No. 8) AASHTO T85 2.66 2.53 2.00 
Passed from 2.36 mm and retained on 0.075 mm AASHTO T84 2.67 2.50 2.60 
Passed from 0.075 mm AASHTO T100  2.68  
Bulk specific gravity on blended aggregate   2.53  
3.3. Indirect tensile strength procedure 
The specimens were fabricated with a diameter of 100 mm, a height of 63.5 ±2.5 mm, and an air void content 
of 7 ±0.5%. The specimens were divided into two groups: unconditioned (i.e., dry) and conditioned (i.e., wet). 
The dry group specimens were tested at 25°C with no special conditioning, whereas the wet group specimens 
were tested after conditioning accordance with AASHTO T283, without freeze-thaw cycles. The ITS and TSR 
values were calculated and the results were reported as the average. 
Table4.Asphalt mixture composition and fabricated temperature 
 a content of Aspha-min  additive is by percent weight of the mixture 
3.4. Comprising of Bending beam fatigue test with indirection tensile fatigue test 
A constant stress indirect tensile fatigue test was conducted by applying a haversine load with a 0.25s loading 
followed by a 1s rest period until the specimen failed on warm PMA mixture and PMA mixture. Loading applied 
with pneumatic systems (wind). Two level of stress (300,450 kPa) were applied for evaluation of fatigue 
behavior of different mixes at 20ºC.The specimen dimensions were 100 mm in diameter, 63.5 mm in thickness, and 4 
±0:5% air void. In addition to, the fatigue performance of unmodified warm mix asphalt was performed by
bending beam fatigue test in strain controlled mode based on AASHTO T321. Slabs are 400 mm long by 300 mm 
wide by 50 mm thick were compacted using the kneading compactor to an air void level of 7±0.5%. Then the 
specimens were cut using a diamond blade saw to 381 mm long by 50 mm thick by 63.5 mm wide. The 
Mixture type Warm mix asphalt Hot mix 
asphalt 
Polymer-modified asphalt(by 5% SBS) 
Warm mix additive Aspha-min Sasobit - Aspha-min Sasobit - 
Type foaming organic - foaming organic - 
Content (%) 0.3%a 1.5% - 0.3%a 1.5% - 
Mixing of  temperature 130-135 130-135 150-155 140-145 140-145 165-170 
Compaction of  temperature  115-120 115-120 145-150 135-140 135-140 160-165 
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specimens were subjected to a sinusoidal load with 0.1 s loading and without rest period at four strain level (650, 
cycle. Fatigue life or failure was defined as the number of cycles corresponding to a 50% reduction in the initial 
stiffness. 
4. Result and discussion 
4.1. Results of ITS test 
Fig. 2(a) illustrates dry and saturated ITS values, and Fig.(b) shows TSR values for PMA and Warm PMA 
mixtures. As can be seen, PMA has the highest value of ITS and PMA mixture and warm PMA mixture with 
Sasobit additive have TSR values greater than 80%, which is the criterion specified by the AASHTO T283. TSR 
value of warm PMA with Aspha-min was 71%, which is lower than 80%. Fig. 3(a) illustrates dry and saturated 
ITS values, and Fig.(b) Shows TSR values for HMA and WMA mixtures. The results showed WMA with Sasobit 
has highest value of dry ITS while HMA has highest value of Saturated ITS. Also HMA and warm PMA 
mixtures with Sasobit and Aspha-min additive have TSR values lesser than 80%, which is the criterion specified 
by the AASHTO T283. TSR value of WMA with Aspha-min and Sasobit and HMA were 60%, 63% and 78% 
respectively, which are lower than 80%. Comparison between PMA and warm PMA Mixtures with HMA and 
WMA mixtures showed that PMA and warm PMA mixtures have better TSR than HMA and WMA mixtures. 
 
 
  
 
 
 
 
 
 
 
 
 
                 (a)                                                                                 (b)  
Fig.2. (a) Dry and Saturated ITS value of PMA and Warm PMA mixtures (b) TSR value of PMA and Warm PMA mixtures 
  
 
 
 
 
 
 
 
 
 
                            (a)                                                                                 (b)  
Fig 3. .(a) Dry and Saturated ITS value of HMA and WMA mixtures (b) TSR value of HMA and WMA mixtures 
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4.2.  
Fig  4(a) represent the comparison between the initial stiffness of different asphalt mixtures, and Fig  4(b) 
represent the comparison between the initial energy of different asphalt mixtures. As can be seen, in all strain 
levels, WMA mixtures made with Sasobit have the highest initial energy and initial stiffness. By increasing the 
strain level, the initial stiffness decreases in almost all mixtures, whereas the initial energy of all mixtures 
increases. Fatigue life was determined using two methods. The first method estimates the fatigue life by using 
50% reduction in initial stiffness and in the second method the fatigue life was estimated using the normalized 
modulus. Fig. 5(a) shows the results of fatigue life using the first method and Fig. 5(b) shows the results of the 
fatigue life using the second method. As shown in Fig. 5(a), HMA mixture fatigue life at lower strain levels is 
less than WMA mixtures, while at higher strain levels; the HMA mixture shows the same fatigue life in 
comparison with WMA mixtures. The evaluation of results using the second method shows that HMA mixture 
had a lower fatigue life than WMA mixtures at lower strain levels, while in higher strain levels the fatigue life of 
HMA mixture is higher than the two WMA mixtures. Also the comparison of fatigue life of two WMA mixtures 
based on 50% reduction of stiffness showed that WMA mixtures made with Sasobit had a less fatigue life than 
WMA mixtures made with Aspha-min. Comparison of coefficient of determination (R2) for two methods 
according to Table 5 indicates that for all mixtures, the R2 value for normalized modulus is lower than the 
method of 50% reduction in initial stiffness. Thus, the normalized modulus method cannot capture the reduction 
in fatigue life as well as 50% reduction of stiffness method. This result is in agreement with result obtained by 
Diefenderfer and Hearon (2008) 
 
        
       
 
 
 
 
 
 
 
 
                 (a)  (b) 
Fig  4. (a) Initial stiffness of mixtures (b) Initial energy of mixtures 
Table 5  compare of R2 for all of mixtures 
 WMA-Aspha-min WMA-Sasobit HMA 
50% Initial Flexural Stiffness method 0.983 0.971 0.924 
Normalized Modulus method 0.888 0.965 0.852 
4.3. Analysis of results of indirect tensile  fatigue test 
Fig. 6 illustrates the fatigue life of PMA mixtures in two stress levels of 300 and 450 kPa. According to the 
results, the PMA mixture has a higher fatigue life than warm PMA mixtures in both stress levels. Also warm 
PMA made with Sasobit has a better fatigue resistance in comparison with warm PMA made with Aspha-min.
indirect tensile test results showed that the fatigue life of PMA mixture is better than warm PMA mixture. Hence 
it seems that using the PMA mixtures is more appropriate than warm PMA mixture. As can be seen in Fig. 6, 
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with increasing the stress level, the fatigue life of all asphalt mixtures is reduced and this reduction of life is more
obvious in case of warm PMA mixtures. Fig. 7 shows the curve of stiffness reduction against loading cycles. This
curve is composed of three phases. In the first phase, small cracks are formed in the bituminous thin coating
between the aggregates. The first cracks are formed in Phase 2 and then gradually lead to a larger cracks pattern.
In Phase 3 fracture occurs with rapid growth.
(a) (b)
Fig. 5. (a) Fatigue Results Using 50% Initial Flexural Stiffness (b) Fatigue Results Using Normalized Modulus
According to Fig. 7, the slope of phase 2 in PMA mixture is lower than two other asphalt mixtures in both 
stress levels. This suggests that the rate of initial cracks formations in PMA mixture is less than WMA mixtures
and hence the fatigue resistance of PMA mixture is greater than warm PMA mixtures.
Fig. 6. Fatigue life of warm PMA and PMA mixtures
(a)                                          (b)
Fig. 7. (a) Accumulated deformation at 300 kPa stress level (b) Accumulated deformation at 450 kPa stress level
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5.  conclusion 
In order to evaluate the effect of SBS polymer on fatigue resistance of warm mix asphalts, two warm mix 
additives (Aspha-min and Sasobit) were employed for fabrication of warm PMA mixtures and comparison of 
fatigue resistance of PMA and warm PMA mixtures was performed based on indirect tensile fatigue test at two 
levels of strain. Moisture susceptibility of warm PMA mixtures was determined by indirect tensile test. Also 
fatigue performance of WMA was evaluated by bending beam fatigue test. Based on experimental results, the 
following results were derived: 
 SBS-modified mixture has the highest value of ITS. Also TSR value of warm PMA made by Sasobit additive 
and SBS-modified bitumen was greater than criterion specified by the AASHTO T283 (80%), but it was lower 
than 80% in case of warm PMA made by Aspha-min additive and SBS-modified bitumen.  
None of HMA and WMA mixtures did not meet minimum criterion specified by the AASHTO T283. 
Comparison between PMA and warm PMA mixtures with HMA and WMA mixtures showed that PMA and 
warm PMA mixtures have better TSR than HMA and WMA mixtures. 
Warm mix asphalt mixtures with Sasobit have most initial stiffness and initial energy. Also with increasing strain 
level, initial stiffness decreases while initial energy increases.  
Fatigue life determination based on 50% reduction in initial stiffness showed that the fatigue life of HMA is less 
than warm mix asphalts at lower strain levels whereas it was comparable with warm mix asphalt at higher 
strain levels. 
Fatigue life determination based on normalized modulus showed that the fatigue life of HMA was less than warm 
mix asphalts at low strain levels whereas in high strain levels, HMA have higher fatigue resistance. 
Comparison of fatigue life for two warm mix additives showed that WMA made with Sasobit have equal or more 
fatigue life than WMA made with Aspha-min. 
Comparison of coefficient of determination (R2) for two methods indicates that for all mixtures, the R2 value for 
normalized modulus is lower than the method of 50% reduction in initial stiffness. Thus, the normalized 
modulus method cannot capture the reduction in fatigue life as well as 50% reduction of stiffness method 
Comparison of fatigue life of warm PMA with PMA showed that PMA has higher fatigue resistance than warm 
PMA at both of stress levels. Also warm PMA mixtures made with Sasobit have better fatigue life than warm 
PMA mixtures made with Aphamin at both levels of stress. it seems that used the PMA mixtures is more 
appropriate than warm PMA mixture  
 Rate of initial cracks formations in PMA mixture is less than WMA mixtures and therefore the fatigue life of 
PMA mixture is greater than warm PMA mixtures. 
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